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Reinsertion or Degradation of AMPA Receptors
Determined by Activity-Dependent
Endocytic Sorting
the accumulation and half-life of postsynaptic AMPARs
at synapses (O’Brien et al., 1998; Turrigiano et al., 1998;
Watt et al., 2000), suggesting activity-dependent regula-
tion of AMPAR degradation. More rapid loss of synaptic
AMPARs has been observed following synaptic stimula-
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tion with subsequent induction of long-term depression
(LTD) (Carroll et al., 1999b) or with exogenous applica-Summary
tion of glutamate (Lissin et al., 1999) or insulin (Man et al.,
2000). Conversely, induction of long-term potentiationBoth acute and chronic changes in AMPA receptor
(LTP) and activation of calcium/calmodulin-dependent(AMPAR) localization are critical for synaptic formation,
protein kinase II (CaMKII) causes a translocation of thematuration, and plasticity. Here I report that AMPARs
AMPAR subunit GluR1 into dendritic spines and syn-are differentially sorted between recycling and degra-
apses within minutes (Shi et al., 1999; Hayashi et al.,dative pathways following endocytosis. AMPAR sorting
2000).occurs in early endosomes and is regulated by synap-
The molecular and cellular mechanisms underlyingtic activity and activation of AMPA and NMDA receptors.
activity-dependent changes in synaptic AMPAR local-AMPAR internalization triggered by NMDAR activation
ization remain largely unknown. Phosphorylation ofis Ca21-dependent, requires protein phosphatases, and
AMPAR subunits (Roche et al., 1996; Mammen et al.,is followed by rapid membrane reinsertion. Further-
1997b; Kameyama et al., 1998; Lee et al., 1998, 2000)more, NMDAR-mediated AMPAR trafficking is regu-
has been implicated in several forms of synaptic plastic-lated by PKA and accompanied by dephosphorylation
ity that involve changes in AMPAR localization (Carrolland rephosphorylation of GluR1 subunits at a PKA site.
et al., 1999b; Shi et al., 1999; Hayashi et al., 2000). InIn contrast, activation of AMPARs without NMDAR ac-
addition, several protein binding partners of AMPARtivation targets AMPARs to late endosomes and lyso-
somes, independent of Ca21, protein phosphatases, or subunits, such as NSF (Lin and Sheng, 1998), b2-adaptin
PKA. These results demonstrate that activity regulates (Man et al., 2000), and PDZ proteins (reviewed in Garner
AMPAR endocytic sorting, providing a potential mech- et al., 2000), have been identified that are likely important
anistic link between rapid and chronic changes in syn- for receptor localization, stabilization, or membrane traf-
aptic strength. ficking through intracellular compartments. Regarding
the latter, the recent findings that endocytosis and exo-
cytosis regulate AMPAR-mediated synaptic transmis-Introduction
sion and synaptic plasticity (Lledo et al., 1998; Luscher
et al., 1999; Man et al., 2000; Wang and Linden, 2000) andAMPARs mediate the vast majority of rapid excitatory
that AMPARs undergo clathrin-dependent endocytosisneurotransmission in the mammalian central nervous
(Carroll et al., 1999a; Man et al., 2000) point to the possi-system. As with other neurotransmitter receptors,
bility for regulated intracellular sorting of AMPARs. Al-AMPARs are normally highly concentrated in the post-
though recent studies have examined the initial endocy-synaptic membrane opposite appropriate (i.e., gluta-
tosis of AMPARs from the plasma membrane (Carrollmatergic) nerve terminals (Lee and Sheng, 2000). Far
et al., 1999a; Man et al., 2000), little is known aboutfrom simply being statically localized to the postsynaptic
mechanisms that determine the specificity of AMPARmembrane, however, AMPARs are recruited to and dis-
trafficking after endocytosis.persed from excitatory synapses over timescales rang-
In this study, I have investigated the transport kinetics,ing from minutes to days (Lissin et al., 1998, 1999;
intracellular compartment itinerary, and phosphorylation-O’Brien et al., 1998; Carroll et al., 1999b; Liao et al.,
dependent regulation of AMPAR endocytic trafficking in1999; Petralia et al., 1999; Shi et al., 1999; Hayashi et
neuronal dendrites. Using a combination of biochemicalal., 2000; Man et al., 2000). Regulation of the number or
and immunocytochemical approaches, I demonstrate thatdensity of postsynaptic AMPARs at a given synapse is
increasingly recognized as an integral feature of excit- AMPARs undergo selective sorting between recycling
atory synapse maturation during development (Con- and degradative pathways following activity-dependent
stantine-Paton and Cline, 1998) and of rapid long-term endocytosis. AMPAR sorting occurs in early endosomes
changes in synaptic strength (Malenka and Nicoll, 1999). and is regulated by synaptic activity and by the relative
AMPAR localization is directly regulated by synaptic activation of AMPA and NMDA receptors. Furthermore,
activity. Initial recruitment or stabilization of AMPARs at these two endocytic sorting pathways display different
excitatory synapses during development is influenced requirements for intracellular Ca21, protein phospha-
by the activation of AMPARs and NMDARs (Con- tases, and protein kinases. These results identify activ-
stantine-Paton and Cline, 1998; Liao et al., 1999). At ity-dependent endocytic sorting as a novel mechanism
more mature synapses, long-term alterations in the level regulating the postsynaptic localization of AMPARs, re-
of excitatory synaptic transmission reciprocally regulate vealing a possible mechanistic link between rapid
changes in synaptic strength, chronic homeostatic syn-
aptic plasticity, and synapse maintenance.* E-mail: ehlers@neuro.duke.edu
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Figure 1. Endocytosis of AMPARs Occurs Basally and Is Regulated by Activity
(A) Biotinylation assays of receptor endocytosis were performed on cortical neuron cultures, as described in Experimental Procedures.
Receptors internalized after various times at 378C were compared to calibration standards of total surface receptor to quantify percent
internalization. The AMPAR subunits GluR1 and GluR2/3 but not the NMDAR subunit NR1 underwent robust endocytosis. Molecular mass
markers in kilodaltons are shown.
(B) Endocytosis of AMPARs is decreased by synaptic blockade and increased by synaptic activity. Cortical neurons were incubated with
either tetrodotoxin (TTX, 2 mM), picrotoxin (Picro, 100 mM), or picrotoxin 1 50 mM D-AP5, beginning 1 hr prior to cell surface biotinylation.
Internalized AMPARs and NMDARs were isolated and detected as in (A).
(C) Time course of AMPAR endocytosis. Both the rate and extent of AMPAR endocytosis were decreased by synaptic blockade and increased
by synaptic activity. Plotted data represent means 6 SEM (n 5 6) of combined GluR1 and GluR2/3 internalization results from (A) and (B).
Time constants for endocytosis (6SD) are shown.
(D) Time course of NMDAR endocytosis. Plotted data represent means 6 SEM (n 5 6). Time constants for endocytosis (6SD) are shown.
(E) Immunoblots of total cell membranes from control-, TTX-, picrotoxin-, and picrotoxin 1 D-AP5-treated neurons showed no change in
overall GluR1, GluR2/3, or NR1 protein levels.
(F) The surface expression of AMPARs is not affected by 90 min of synaptic blockade (TTX) or excitatory synaptic activation (Picro) but is
slightly reduced by increasing activity in the presence of NMDAR antagonists (Picro 1 AP5). Biotinylated membrane proteins were isolated
immediately after biotinylation (surface fraction, S) and compared to an equal plate fraction of total membrane protein (T). Data represent
means 6 SEM of the surface (S) GluR1/total (T) GluR1 ratios determined by immunoblot and phosphorimager analysis (n 5 6, *p , 0.05
relative to control, t test).
(G) NR1 surface expression is unaffected by short-term changes in activity. Methods as in (F), except anti-NR1 antibody was used for
immunoblot analysis.
Results ure 1C). The time course of endocytosis can be well
described by a single exponential and a time constant
(t) of 9.3 6 2.3 min (Figure 1C). Blocking synaptic activityConstitutive and Activity-Dependent Endocytosis
of AMPARs with the Na1 channel blocker TTX dramatically reduced
the rate of AMPAR internalization, as reflected by anTo directly test whether AMPARs undergo activity-depen-
dent endocytosis, biotinylation assays of receptor inter- increase in the time constant to 14.6 6 2.9 min, and
decreased the extent of internalization, with 4.6% 6nalization were performed on cultured cortical neurons.
Excitatory synaptic transmission in the cultures was de- 1.5% of surface AMPARs internalized after 30 min (Fig-
ures 1B and 1C). Conversely, increasing synaptic activitycreased or increased, beginning 1 hr prior to biotinyla-
tion, by adding tetrodotoxin (TTX, 2 mM) or picrotoxin by blocking inhibitory GABAergic transmission with the
GABAA receptor antagonist picrotoxin accelerated(100 mM), respectively. Neurons were maintained in
these pharmacological agents for all steps and incuba- AMPAR internalization 2-fold (t 5 4.8 6 1.2 min) and
increased the fraction endocytosed after 30 min totions following the biotinylation reaction. Under basal
conditions, AMPARs undergo robust time-dependent 31.4% 6 1.2% (Figures 1B and 1C). Under each condi-
tion, GluR1 and GluR2/3 subunits displayed essentiallyendocytosis (Figure 1A) that plateaus with 15.9% 6
0.9% of surface AMPARs endocytosed after 30 min (Fig- identical endocytosis time courses (Figures 1A and 1B).
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Figure 2. Recycling of Internalized AMPARs Is Regulated by Synaptic Activity and Glutamate Receptor Activation
(A) Biotinylation assays of AMPAR recycling were performed on control-, picrotoxin-, and picrotoxin 1 D-AP5-treated cortical neurons (see
Experimental Procedures). The loss of biotinylated AMPARs after a second biotin cleavage provides a measure of receptor recycling.
(B) Quantitative analysis of AMPAR recycling. The percent remaining internalized AMPAR (combined GluR1 and GluR2/3 results from [A])
measured by phosphorimager analysis was normalized to that present at time zero and plotted as a function of time (6SEM, n 5 9). The time
constants derived by fitting the data to single exponential decay functions (6SD) are shown.
(C) Agonist-induced internalization and recycling of AMPARs in cortical neuron cultures. Internalized (biotinylated) AMPARs were isolated and
detected at various times after AMPA or NMDA treatment (see Experimental Procedures). Both AMPA and NMDA induced rapid AMPAR
internalization within 10 min after agonist application that was followed by either a slow (AMPA) or fast (NMDA) return to the plasma membrane,
as reflected by accessibility to biotin cleaving agent at later time points.
(D) Immunoblot analysis of internalized AMPARs remaining at various times after cleaving surface biotin revealed no nonspecific loss of biotin
or protein degradation over the course of the experiment. AMPAR endocytosis was stimulated by AMPA or NMDA as in (C). The times shown
indicate time after agonist application. Note that the lysosomal protease inhibitor leupeptin was present throughout. Molecular mass markers
in (A) and (D) are indicated in kilodaltons.
(E) Time course of AMPAR internalization and recycling after agonist application. Plotted data represent means 6 SEM (n 5 6) of combined
GluR1 and GluR2/3 results from (C). Time constants shown are derived by fitting the data beginning at the 10 min time point to single
exponential decay functions.
In all experiments, cells were incubated for 1 hr prior significant effect on the steady-state amount of AMPAR
subunit present at the cell surface (Figure 1F), sug-to biotinylation and in all subsequent steps with the
lysosomal protease inhibitor leupeptin (100 mg/ml) to gesting that insertion of AMPARs might also be regu-
lated by activity. Treatment with picrotoxin plus D-AP5,prevent degradation of internalized receptors. Under
these conditions, internalized AMPARs were metaboli- however, did cause a small reduction in the percent
surface expression of AMPARs (58.4% 6 1.8% versuscally stable and showed very little degradation up to 60
min after endocytosis (see Figure 2A, left two lanes each 67.6% 6 2.3% for control, p , 0.05, t test).
To determine whether synaptic activity has a specificpanel, and data not shown).
In further experiments, addition of the NMDAR antag- effect on AMPAR internalization or causes a more gen-
eral effect at excitatory synapses, endocytosis of theonist D-AP5 (50 mM) significantly reduced the rate of
AMPAR endocytosis in picrotoxin-treated cultures (t 5 NMDAR subunit NR1 was examined. NMDARs undergo
basal endocytosis in cultured cortical neurons to a much13.9 6 2.9 min) (Figures 1B and 1C). D-AP5 reduced
the AMPAR internalization rate below that of control lesser extent than AMPARs (6.0% 6 1.1% surface
NMDAR internalized in 30 min) (Figures 1A and 1D).cultures (p , 0.05, t test), although the percent internal-
ized after 30 min (10.0% 6 1.1%) remained significantly Neither the time constant nor the extent of NMDAR en-
docytosis was affected by synaptic blockade (TTX) orhigher than that observed in TTX-treated cultures (p ,
0.05, t test), suggesting both NMDAR-dependent and synaptic activation (picrotoxin) (Figures 1B and 1D). TTX
and picrotoxin likewise had no effect on either totalNMDAR-independent mechanisms of endocytosis. In-
terestingly, despite having a marked effect on the rate protein expression (Figure 1E) or surface expression
(Figure 1G) of the NMDAR subunit NR1. Together, theseof AMPAR internalization, TTX and picrotoxin had no
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findings provide direct evidence that AMPARs but not internal fractions at 30 min and 60 min (control, p 5
0.11; picrotoxin, p 5 0.10; picrotoxin 1 D-AP5, p 5 0.13;NMDARs are internalized from the neuronal plasma
t test), indicating that recycling had reached steady statemembrane at a rate determined by the level of excitatory
by 60 min. Together, these experiments show that asynaptic activity. Moreover, these results indicate that
significant fraction of AMPARs is reinserted into theAMPARs undergo both NMDAR-dependent and NMDAR-
neuronal plasma membrane following endocytosis andindependent endocytosis.
that both the rate and extent of AMPAR recycling are
increased by synaptic activity and NMDAR activation.Activity Regulates the Rate and Extent of AMPAR
Membrane Reinsertion
Selective Retention or Reinsertion of AMPARsThe finding that activity controls the rate of AMPAR
following Glutamate Receptor Activationendocytosis (Figures 1A–1C) without significantly affect-
The preferential recycling or retention of AMPARs in theing steady-state surface expression (Figure 1F) sug-
absence or presence of NMDAR antagonists, respec-gests that membrane insertion of AMPARs is also regu-
tively (Figure 2B), suggested that neurons possess dis-lated by activity. Such newly inserted receptors could
tinct sorting pathways for AMPARs at synapses. Be-arise from stable intracellular pools through rapid trans-
cause both NMDAR activation (Figure 1) and AMPARlocation or by recycling of recently internalized AMPARs.
activation (Carroll et al., 1999a) can trigger AMPAR en-To test whether internalized AMPARs are reinserted
docytosis and because activation of both receptors in-back into the plasma membrane and to measure the
creases with synaptic activity, the fate of AMPARs inter-effect of synaptic activity on reinsertion, receptor recy-
nalized via these two mechanisms was examined.cling assays were performed on cultured cortical neu-
Specifically, the reinsertion or intracellular retention ofrons. In control cultures, internalized AMPARs were rap-
AMPARs endocytosed in response to 1–2 min applica-idly reinserted into the plasma membrane (t 5 9.2 6 1.5
tions of AMPA or NMDA was measured using biotinyla-min) (Figures 2A and 2B). In the presence of picrotoxin,
tion assays on TTX-treated cortical neurons.the reinsertion of AMPARs was significantly faster (t 5
Application of either 100 mM AMPA plus 50 mM D-AP54.8 6 0.3 min) (Figures 2A and 2B). This doubling of
(hereafter referred to as “AMPA”) or 20 mM NMDAAMPAR reinsertion rate with picrotoxin treatment ex-
caused a rapid, nearly complete internalization of sur-actly paralleled the doubling of receptor endocytosis
face AMPAR within 10 min (Figures 2C and 2E). Uponrate (Figures 1C), with the time constants for endocyto-
reaching a peak at 10 min after agonist application,sis and reinsertion in both control and picrotoxin-treated
the amount of internalized (biotinylated) AMPAR steadilycultures showing remarkable quantitative similarity. Fur-
declined, reflecting membrane recycling of AMPARsthermore, the tight coupling observed between rates of
and subsequent biotin cleavage (Figures 2C and 2E).internalization and reinsertion are consistent with the
Importantly, internalized (biotinylated) AMPARs experi-lack of observed effect of 1–2 hr of picrotoxin on overall
enced no detectable nonspecific loss of biotin or proteinGluR1 surface expression (Figure 1F) (O’Brien et al.,
degradation under the experimental conditions used1998). Interestingly, the increased rate of AMPAR rein-
(i.e., with 100 mg/ml leupeptin) (Figure 2D), indicating
sertion in picrotoxin-treated cultures was prevented by
that the loss of biotin was specifically due to membrane
the addition of D-AP5 (50 mM; t 5 9.3 6 1.9 min) (Figures
reinsertion. AMPAR reinsertion following AMPA applica-
2A and 2B), indicating a requirement for NMDAR activa- tion was very slow (t 5 119 min) and incomplete, with
tion in accelerating the rate of AMPAR reinsertion. No 51% 6 6% of the original cell surface AMPARs being
change in overall protein expression of the AMPAR sub- retained intracellularly after 75 min (Figures 2C and 2E).
units GluR1 or GluR2/3 occurred under these conditions In contrast, AMPARs endocytosed following NMDA ap-
(data not shown). Note that 100 mg/ml of the lysosomal plication were rapidly (t 5 9.4 6 1.1 min) and almost
protease inhibitor leupeptin was included throughout, completely recycled to the plasma membrane, with
and no detectable degradation of AMPAR subunits inter- 95% 6 2% of AMPARs reinserted after 75 min (p ,,
nalized for as long as 60 min was observed under these 0.001 relative to AMPA-treated, t test) (Figures 2C and
conditions (Figure 2A, left two lanes each panel). Also, 2E). The brief applications of AMPA and NMDA had
no loss of biotin was observed when membrane traffick- no effect on overall AMPAR subunit protein expression
ing of internalized AMPARs was stopped by incubating (data not shown), and no difference was observed be-
at 48C (Figure 2A). tween GluR1 and GluR2/3 subunits. In addition, no sig-
In addition to regulating the rate of AMPAR reinsertion, nificant change in cell membrane permeability or cell
synaptic activity and NMDAR blockade had a significant death was observed 75 min after agonist or vehicle appli-
effect on the efficiency of AMPAR recycling. In control cation by trypan blue dye exclusion (4.4% 6 1.8% trypan
cultures, 89.6% 6 3.1% of internalized AMPARs were positive for control neurons, 4.2% 6 1.1% for AMPA-
reinserted after 60 min (Figures 2A and 2B, see 60 min treated, and 6.9% 6 1.6% for NMDA-treated neurons,
time point), indicating that a small fraction (10.4% 6 n 5 4 separate plates of .200 cells counted per plate).
3.1%) of internalized AMPARs was being sequestered These data provide strong evidence for endocytic sort-
intracellularly under basal conditions. This sequestered ing of AMPARs through distinct recycling and retention
fraction was much smaller in picrotoxin-treated cultures pathways in response to differential activation of post-
(1.8% 6 1.1%, p , 0.01, t test) but was significantly synaptic glutamate receptors.
increased when NMDARs were blocked with D-AP5
(29.7% 6 3.5%, p ,, 0.001, t test) (Figure 2B, see Recycled AMPARs Reaccumulate at Synapses
60 min time points). For each condition, no statistically To determine whether reinserted AMPARs localize to
synapses and to verify the biochemical results of Figuresignificant differences existed between the remaining
Endocytic Sorting of AMPARs
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Figure 3. Synaptic Reaccumulation of Recycled AMPARs
Cultured hippocampal neurons were pretreated with 2 mM TTX to suppress activity-dependent endocytosis prior to a 2 min application of
control solution (A), 100 mM AMPA plus 50 mM D-AP5 (B and C), or 20 mM NMDA (F and G). Either 10 min (B and F) or 30 min (A, C, and G)
after agonist application, neurons were stained live for surface GluR1 (green; panels 1, 2, and 5), followed by fixation, permeabilization, and
staining for total GluR1 (red, panels 3 and 4) or PSD-95 (blue, panel 6). Large scale bars, 10 mm; small scale bars, 2.5 mm. Quantitative analysis
showed a decrease in the number of surface GluR1 clusters per 100 mm dendrite (D) and in synaptic fluorescence of surface GluR1 puncta
(E) following application of AMPA or NMDA as above. For (D) and (E), data represent means 6 SD from 20 neurons for each condition. *p ,,
0.001 relative to control, t test.
2, immunofluorescent staining was performed on cul- plete loss of surface GluR1 immunoreactive clusters
within 10 min (Figure 3D; control, 25.5 6 2.8 clusterstured rat hippocampal neurons at various times follow-
ing a 2 min application of control solution, AMPA (100 per 100 mm dendrite; AMPA, *1.1 6 0.9; NMDA, *1.2 6
0.7; *p ,, 0.001 relative to control, t test). No loss ofmM AMPA plus 50 mM D-AP5), or NMDA (20 mM). Under
control conditions, surface GluR1 exhibited a punctate PSD-95 clusters (Figures 3B and 3F, panel 6 in each) or
NR1 clusters (data not shown) was observed in the samedistribution over the dendrites and in dendritic spines
(Figure 3A, panels 1 and 2), as observed previously (Liao cells. This selective loss of surface GluR1 was accompa-
nied by a corresponding increase in the staining inten-et al., 1999; Noel et al., 1999). These surface GluR1
clusters colocalized with the excitatory synapse protein sity of intracellular GluR1 (Figures 3B and 3F, panels 3
and 4 in each). Intracellular GluR1 staining was observedPSD-95 (Figure 3A, panels 5 and 6) as well as with GluR2/3
subunits and the presynaptic marker synaptophysin in discrete punctate vesicular structures throughout the
dendrites and cell soma following agonist treatment(data not shown), indicating a synaptic localization of
surface GluR1. In these cells, intracellular GluR1 staining (Figure 3B and 3F, panels 3 and 4 in each).
By 30 min after agonist exposure, a few very faintwas observed diffusely throughout the dendritic cyto-
plasm (Figure 3A, panels 3 and 4). surface GluR1 puncta were observed in AMPA-treated
cells (Figure 3C, panels 1 and 2), but most AMPARsThe distribution of surface AMPARs was markedly
different following application of AMPA or NMDA. Both continued to be present in punctate intracellular vesicu-
lar structures (Figure 3C, panels 3 and 4). Existing GluR1AMPA (Figure 3B, panels 1 and 2) and NMDA (Figure
3F, panels 1 and 2) treatment resulted in a nearly com- surface clusters were sparse (Figure 3D; 6.8 6 3.0 clus-
Neuron
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Figure 4. Internalized AMPARs Localize to
Early Endosomes
(A–D) Live hippocampal neurons were pre-
labeled with an extracellular GluR1 anti-
body (anti-GluR1-N) before adding AMPA
(100 mM AMPA plus 50 mM D-AP5) or NMDA
(20 mM) to induce endocytosis. After 2 min,
cells were fixed, and remaining cell surface
anti-GluR1-N was blocked with unlabeled
donkey anti-rabbit IgG. Internalized GluR1
(green, left panels) was then visualized fol-
lowing cell permeabilization using a fluoro-
phore-conjugated anti-rabbit antibody. Si-
multaneous staining for early endocytic
markers (red, middle panels), including EEA1
(A), Rab5 (B), transferrin receptor (TfR) (C),
and Rab4 (D), revealed extensive colocaliza-
tion with internalized GluR1 (arrows, right
panels). Scale bars, 5 mm.
(E) No intracellular GluR1 staining is observed
in the absence of agonist (left panel) or in
agonist-treated, nonpermeabilized (nonperm.)
cells. Scale bar, 5 mm.
ters per 100 mm dendrite) and much less intense (Figure staining was performed on cultured hippocampal neu-
3E) than GluR1 clusters on control neurons. The few rons. Cell surface AMPARs prelabeled on live cells with
surface GluR1 clusters that were present colocalized GluR1-N antibody redistributed to intracellular compart-
with PSD-95 (Figure 3C, panels 5 and 6) and synaptophy- ments after a brief (2 min) application of AMPA or NMDA
sin (data not shown), indicating specific synaptic reac- (Figures 4A–4D, left panels). No GluR1 internalization
cumulation of recycled AMPARs. Such synaptic reaccu- was observed in the absence of agonist (Figure 4E, left
mulation could result either from direct reinsertion in panel), and staining was specific for internalized GluR1,
the postsynaptic membrane itself or from extrasynaptic since no visible staining was observed in nonpermeabil-
insertion followed by rapid migration to synapses. In ized cells (Figure 4E, middle and right panels). After 2
contrast to the limited recycling after AMPA treatment, min, AMPARs endocytosed in response to both AMPA
GluR1 subunits were highly abundant at the cell surface and NMDA were present in tubulovesicular structures
30 min after applying NMDA (Figure 3G, panels 1 and throughout the dendrites (Figures 4A–4D, left panels).
2). These surface GluR1 clusters colocalized with PSD- These GluR1-positive structures showed extensive co-
95 (Figure 3G, panels 5 and 6) and synaptophysin (data localization with several markers of early endosomes,
not shown) and had a density (Figure 3D; 24.2 6 2.9 including early endosome antigen 1 (EEA1) (75% 6 7%
clusters per 100 mm dendrite) and fluorescence intensity of internal GluR1 also labeling for EEA1), Rab5 (70% 6
(Figure 3E) comparable to control cultures. These results 10% overlap), transferrin receptor (TfR) (83% 6 9% over-
support the biochemical data obtained in Figure 2 and lap), and Rab4 (59% 6 7% overlap) (Figure 4A–D) (Muk-
extend previous work (Carroll et al., 1999a, 1999b; Lissin herjee et al., 1997; Buckley et al., 2000; Somsel Rodman
et al., 1999; Luscher et al., 1999; Man et al., 2000) by and Wandinger-Ness, 2000). Together, these data indi-
showing that internalized AMPARs are reinserted into cate that newly internalized AMPARs localize to early
the plasma membrane after NMDA-induced internaliza- endosomes in dendrites.
tion and retained intracellularly after AMPA-induced in-
ternalization, with reinserted AMPARs rapidly reaccu-
Time Course of AMPAR Transitmulating at excitatory synapses.
through Early Endosomes
Although initially localized to early endosomes (FigureInternalized AMPARs Localize
4), AMPARs internalized after NMDAR activation andto Early Endosomes
AMPAR activation are subsequently sorted along sepa-To determine the identity of endocytic compartments
into which AMPARs are internalized, immunofluorescent rate recycling or retention pathways (Figure 2). These
Endocytic Sorting of AMPARs
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findings suggested that AMPARs internalized in re- the cell (Figures 2 and 3), suggesting transport along a
different pathway after exiting early endosomes.sponse to these two stimuli are transported through
distinct endosomal compartments with different time
courses. Recycling membrane proteins, such as the AMPAR Activation Targets Receptors to Late
transferrin receptor (TfR), traffic from the early endo- Endosomes/Lysosomes
some to recycling endosomes before they return to the To determine whether the AMPARs internalized after
plasma membrane, whereas proteins targeted for deg- AMPAR activation are transported to late endosomes,
radation are transported from early to late endosomes immunofluorescent detection of internalized GluR1 was
(Mukherjee et al., 1997; Buckley et al., 2000). To investi- performed on hippocampal neurons double labeled for
gate the kinetics of AMPAR transit through early endo- the late endosome/lysosome membrane glycoprotein
cytic compartments, I used quantitative immunofluores- Lamp1. By 30 min after stimulating endocytosis with
cence to follow the intracellular trafficking of AMPARs AMPA, internalized GluR1 subunits prelabeled with
after agonist-induced endocytosis. After being prela- GluR1-N antibody were present in punctate Lamp1-pos-
beled with GluR1-N antibody, live hippocampal neurons itive organelles (Figure 6A, top panels). Transport of
were treated with AMPA or NMDA for 2 min, and internal- AMPARs to Lamp1-positive late endosomes occurred
ized intracellular GluR1 was visualized at various times relatively slowly, with 22.6% 6 7.4% of internalized
after agonist application. Images were acquired after GluR1 colocalized with Lamp1 10 min after AMPA appli-
fixation and double labeling with antibodies against four cation, rising to 71.7% 6 8.6% by 30 min (Figures 6B
endosomal markers (EEA1, Rab5, TfR, and Rab4), and and 6C). Importantly, the time course for transport into
overlap of fluorescent signal was quantified. late endosomes coincided closely with that required for
Early after both AMPA- and NMDA-induced internal- transport out of early endosomes (Figure 5). As ex-
ization, the major population of GluR1-labeled struc- pected, the occasional rare intracellular GluR1 structure
tures colabeled with all four endosomal markers (Figures present 30 min after NMDA-stimulated endocytosis did
4 and 5A–5D, 2 min time points). TfR and Rab4 are not colocalize with Lamp1 (Figure 6A, bottom panels).
markers of both early and recycling endosomes, whereas For all experiments, leupeptin (100 mg/ml) and either
EEA1 and Rab5 are present exclusively on early endo- NH4Cl (50 mM) or chloroquine (200 mM) were included
somes (Buckley et al., 2000; Somsel Rodman and Wan- to block lysosomal degradation and compartment acidi-
dinger-Ness, 2000; Sonnichsen et al., 2000). At later time fication. In the absence of such agents, progressive loss
points, the number of GluR1-labeled structures con- of fluorescence was observed after AMPA treatment,
taining EEA1 and Rab5 decreased rapidly (Figures 5A, consistent with degradation of AMPARs and attached
5B, and 5E), consistent with transport of AMPARs out antibody (data not shown).
of EEA1-positive and Rab5-positive endosomes. Inter- To test whether AMPAR activation ultimately leads to
estingly, AMPARs internalized after ligand-mediated lysosomal targeting, the degradation of AMPARs in the
activation also rapidly exited TfR-positive and Rab4- presence or absence of ligand was assessed. In cortical
postive endosomes, whereas AMPARs internalized in neuron cultures incubated in control solution (50 mM
response to NMDA showed more prolonged colocal- D-AP5), slow degradation of surface GluR1 subunit was
ization with TfR and Rab4 (Figures 5C, 5D, and 5E). observed (Figures 6D and 6E; 87.4% 6 4.6% of GluR1
Indeed, colocalization with Rab4 actually increased from subunits initially at the cell surface were present 6 hr
58.8% 6 7.2% of internal GluR1 structures labeled for later). Addition of 20 mM AMPA caused a more than
Rab4 2 min after NMDA treatment to 69.0% 6 4.4% 10 5-fold increase in the degradation of surface GluR1 (Fig-
min after NMDA (p , 0.05, t test). Note that very few ures 6D and 6E; 33.3% 6 3.7% surface GluR1 remaining
intracellular GluR1 structures were present 30 min after after 6 hr) that was largely prevented by the lysosomal
NMDA treatment, since most receptors are recycled to inhibitors leupeptin, NH4Cl, and chloroquine (Figures 6D
the plasma membrane (Figures 2 and 3). However, the and 6E; Leu, 74.0% 6 5.5%; NH4Cl, 73.3% 6 7.1%;
few intracellular GluR1 structures that remained were CLQ, 70.4% 6 3.8% surface GluR1 remaining after 6
frequently colocalized with TfR and Rab4 (Figures 5C– hr). AMPA had no significant effect on the degradation
5D). The loss of association with EEA1 and Rab5 ob- of the NMDA receptor subunit NR1 (Figure 6D, bottom
served 10–30 min after both AMPA- and NMDA-induced panel). Together with the immunocytochemical results
internalization suggests rapid transport out of early en- above, these experiments provide strong evidence for
dosomes. In cells treated with NMDA, the continued (or activation-induced late endosomal targeting and lyso-
increased) colocalization with TfR and Rab4 suggests somal degradation of AMPARs.
that AMPARs are transported from early endosomes to
recycling endosomes for ultimate return to the plasma Role of Ca21 Ions and Protein Phosphatases
membrane. The time course of this trafficking is in re- in AMPAR Internalization
markable agreement with the recycling of AMPARs, de- Phosphorylation and dephosphorylation events have
termined biochemically (Figure 2E) and immunocyto- been implicated in LTD (Kameyama et al., 1998; Lee et
chemically (Figure 3), and with the transport kinetics of al., 1998) and LTP (Soderling and Derkach, 2000)—forms
transferrin through Rab5- and Rab4-positive endo- of synaptic plasticity that involve the removal (Carroll et
somes (Sonnichsen et al., 2000). In contrast, AMPARs al., 1999b; Luthi et al., 1999; Man et al., 2000; Wang and
internalized following AMPAR activation migrate differ- Linden, 2000) or addition (Shi et al., 1999; Hayashi et
ently through early endosomes. In this case, AMPARs al., 2000) of synaptic AMPARs. To test whether phos-
show simultaneous loss of association with all four early/ phorylation and intracellular Ca21 are involved in AMPAR
sorting, the effect of the cell-permeable Ca21 chelatorrecycling endosomal markers, despite remaining inside
Neuron
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Figure 5. AMPARs Internalized in Response
to AMPA or NMDA Are Differentially Sorted
through Early/Recycling Endosomes
(A–D) Time course for association of internal-
ized GluR1 with EEA1- (A), Rab5- (B), trans-
ferrin receptor (TfR)- (C), or Rab4-labeled en-
dosomes (D). Live hippocampal neurons were
prelabeled with an extracellular GluR1 anti-
body, stimulated with AMPA or NMDA, re-
turned to growth media for various times, and
internalized GluR1 visualized as in Figure 4.
Double labeling was performed with anti-
EEA1, anti-Rab5, anti-TfR, or anti-Rab4 anti-
bodies, and the percent of internal GluR1
structures labeling for each marker was
quantified at the indicated time points. Data
represent means 6 SEM (n 5 4–6 cells).
(E) Representative merged images for dif-
ferent time points. Arrows indicate sites of
colocalization (yellow) between internalized
GluR1 (green) and endosomal markers (red).
Arrowheads indicate GluR1-containing struc-
tures not labeled for the indicated endosomal
marker. Scale bar, 5 mm.
BAPTA-AM and protein phosphatase inhibitors on ago- was also inhibited by the protein phosphatase inhibitor
calyculin A (1 mM; data not shown).nist-induced internalization was examined. Treatment
of cortical neurons with BAPTA-AM (50 mM), the PP2B
inhibitor FK506 (1 mM), the PP2A and PP1 inhibitor oka- Dephosphorylation of GluR1 Subunits at Serine
845 Accompanies AMPAR Endocytosisdaic acid (10 nM and 1 mM), or the PP1-selective inhibitor
tautomycin (10 mM) had no measurable effect on AMPAR The above findings suggest that dephosphorylation
events are involved in AMPAR internalization and en-internalization caused by application of 100 mM AMPA
(Figures 7A and 7B). However, endocytosis triggered by docytic sorting. To test whether these events include
dephosphorylation of AMPARs themselves, the phos-NMDAR activation (20 mM NMDA for 1–2 min) was al-
most completely inhibited by BAPTA-AM (50 mM), FK506 phorylation state of GluR1 subunits following agonist
treatment of cortical neurons was determined using(1 mM), high concentrations of okadaic acid (1 mM), or
tautomycin (10 mM) but not by low concentrations of phosphorylation state-specific antibodies. These anti-
bodies have been extensively characterized for immu-okadaic acid (10 nM) that selectively inhibit PP2A (Fig-
ures 7A and 7C). NMDA-induced AMPAR internalization noblot analysis and are highly specific for GluR1 sub-
Endocytic Sorting of AMPARs
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Figure 6. AMPARs Activated in the Absence of NMDAR Activation Are Targeted to Late Endosomes and Degraded by Lysosomes
(A) Live hippocampal neurons were prelabeled with an extracellular GluR1 antibody, stimulated with AMPA or NMDA, returned to growth
media for 30 min, and internalized GluR1 visualized as in Figure 4. Simultaneous staining for the late endosome/lysosome marker Lamp1 (red,
middle panels) revealed extensive colocalization with internalized GluR1 30 min after AMPA application (arrows, top panels). The occasional
rare internal GluR1 structures observed 30 min after NMDA application (yellow arrowhead, bottom panels) did not localize to late endosomes/
lysosomes (white arrowheads, bottom panels). Scale bar, 5 mm.
(B) Time course of association of internalized GluR1 with Lamp1-labeled organelles. Staining was performed as in (A), following incubation
at 378C for either 2 min, 10 min, or 30 min after agonist application, and the percent of internal GluR1 structures labeling for Lamp1 at each
time point was quantified by image analysis. Data represent means 6 SEM (n 5 4–6 cells).
(C) Representative merged images for early time points. Arrows indicate sites of colocalization (yellow) between internalized GluR1 (green)
and Lamp1 (red). At these earlier time points, internalized GluR1 subunits (yellow arrowheads) were mostly present in membrane compartments
distinct from Lamp1-positive late endosomes/lysosomes (white arrowheads). Scale bar, 5 mm.
(D) Biotinylation assay of receptor degradation. TTX-treated cortical neurons were cell surface biotinylated and then incubated with either
control solution (50 mM D-AP5) or AMPA solution (20 mM AMPA plus 50 mM D-AP5) for 6 hr in the presence or absence of leupeptin (Leu),
NH4Cl, or chloroquine (CLQ), prior to streptavidin precipitation and immunoblot analysis. The arrowhead indicates GluR1 (top panel), and the
arrow indicates NR1 (bottom panel). Molecular mass markers in kilodaltons are shown.
(E) Quantitation of AMPAR degradation expressed as the percent of total biotinylated GluR1 remaining after exposure to control solution,
AMPA, or AMPA plus lysosome inhibitors. Data represent means 6 SEM (n 5 4, *p ,, 0.001 relative to all other conditions, t test).
units phosphorylated by CaMKII and cAMP-dependent The observation that NMDA-induced AMPAR internal-
ization peaks after maximal dephosphorylation of GluR1protein kinase (PKA) on serines 831 and 845, respec-
tively (Mammen et al., 1997b; Lee et al., 1998; Lee et at serine 845 (Figure 7D) and is blocked by phosphatase
inhibitors (Figures 7A and 7C) is consistent with a roleal., 2000). Application of NMDA induced the rapid de-
phosphorylation of GluR1 at the serine 845 PKA site for serine 845 dephosphorylation in AMPAR endocyto-
sis. For this to be the case, one would expect that the(Figure 7D). Dephosphorylation of serine 845 was maxi-
mal 5 min after NMDA treatment (22.4% 6 4.9% phos- same 0 Ca21 conditions and phosphatase inhibitors that
prevent AMPAR internalization would also prevent de-phorylated relative to untreated controls) and preceded
peak NMDA-induced AMPA receptor (Figure 7D). Fol- phosphorylation of GluR1 at serine 845. To test this
hypothesis, total membranes from cortical neurons in-lowing dephosphorylation, serine 845 was rapidly re-
phosphorylated over the same time period that AMPARs cubated in 0 Ca21 conditions or in phosphatase inhibi-
tors were isolated before and 5 min after treating withwere being reinserted in the plasma membrane, re-
turning to 81.5% 6 7.0% phosphorylated by 30 min NMDA, a time when dephosphorylation of serine 845 is
maximal (Figure 7D), and the phosphorylation at serine(Figure 7D). In contrast, phosphorylation at the serine
831 CaMKII site was transiently increased by NMDA 845 was quantified by immunoblot analysis. As above,
NMDA induced robust dephosphorylation of GluR1 attreatment (125% 6 6% 5 min after NMDA), which then
returned to control values by 10 min (Figure 7D). Direct serine 845 in untreated neurons (22.4% 6 4.9% phos-
phorylated relative to neurons not exposed to NMDA)activation of AMPARs (100 mM AMPA plus 50 mM D-AP5,
1–2 min) had no rapid effect on GluR1 phosphorylation at (Figures 7F and 7G). This dephosphorylation was al-
most entirely prevented by performing the experimenteither serine 845 or 831 but did cause a slow decline in
phosphorylation at both sites (Figure 7E). under 0 Ca21 conditions (50 mM BAPTA-AM) (75.4% 6
Neuron
520
Figure 7. The Role of Ca21, Protein Phos-
phatases, and GluR1 Dephosphorylation in
AMPAR Internalization
(A) Endocytosis of AMPARs following brief
(1–2 min) application of control solution (Ctrl),
100 mM AMPA plus 50 mM D-AP5 (AMPA), or
20 mM NMDA was assayed, as in Figure 2C,
in cortical neurons treated with 50 mM
BAPTA-AM with 0 Ca21, 1 mM FK506, 10 nM
okadaic acid (OKA), 1 mM okadaic acid, or
10 mM tautomycin (Taut). See Figure 2C for
comparison to untreated neurons. Similar re-
sults were obtained when blots were stripped
and reprobed with anti-GluR2/3 antibody
(data not shown).
(B and C) Quantitative analysis of AMPAR in-
ternalization following activation of AMPARs
(B) or NMDARs (C) in the presence of Ca21
chelators and phosphatase inhibitors. Data
are means 6 SEM (n 5 6, *p ,, 0.001 relative
to NMDA-treated neurons at the same time
point, t test).
(D) Selective dephosphorylation and rephos-
phorylation of GluR1 at a PKA site during
NMDAR-mediated endocytosis and reinser-
tion. The phosphorylation state of GluR1 at
serine 845 (PKA site) or serine 831 (CaMKII
site) in cortical neurons was assayed at vari-
ous times after NMDA treatment (as indicated
in min). The percent phosphorylated GluR1
was quantified by measuring phosphorylated
GluR1/total GluR1 band intensity ratios and
normalizing to untreated control cultures
(Ctrl). The dashed line indicates the percent
internal AMPAR obtained from Figure 2E.
Data represent means 6 SEM (n 5 4).
(E) Brief AMPA application has no rapid effect
on GluR1 phosphorylation but causes a slow,
smaller degree of dephosphorylation at both
PKA and CaMKII phosphorylation sites. Ex-
periments and analysis performed as in (D).
The dashed line indicates percent internal
AMPAR following AMPA treatment from Fig-
ure 2E. Data represent means 6 SEM (n 5
4). Molecular mass markers in kilodaltons for
(D) and (E) are shown.
(F) Ca21 chelators or phosphatase inhibitors that block AMPAR endocytosis also block GluR1 dephosphorylation at a PKA site. Total membrane
fractions from untreated cortical neurons (Ctrl) or neurons treated with 50 mM BAPTA-AM in 0 Ca21 (0 Ca21), 1 mM FK506 (FK), 10 nM okadaic
acid (lo Oka), 1 mM okadaic acid (hi Oka), or 10 mM tautomycin (Taut) were isolated before or 5 min after adding NMDA (20 mM, 2 min), as in
(A), and immunoblotted with anti-GluR1 phosphoserine 845 antibody (top panel), followed by stripping and reprobing with anti-GluR1 C-terminal
antibody (bottom panel).
(G) Quantitative analysis of NMDA-induced dephosphorylation of GluR1 at a PKA site in the presence of Ca21 chelators and phosphatase
inhibitors. Data represent means 6 SEM of phosphorylated GluR1/total GluR1 band intensity ratios 5 min after NMDA treatment, normalized
to ratios obtained from sister cultures treated with the same inhibitors but not exposed to NMDA. n 5 4, *p ,, 0.001 relative to untreated
control cultures, t test.
(H) GluR1 subunits internalized in response to synaptic activity are selectively dephosphorylated on serine 845. Internalized membrane proteins
(1 avidin ppt) or total membrane proteins (2 avidin ppt) were isolated and immunoprecipitations (IP) performed with anti-GluR1 antibody
(aR1) or nonimmune serum (NI), followed by immunoblot with indicated antibodies.
4.9% phosphorylated) or by 1 mM FK506 (95.1% 6 5.7% dephosphorylation corresponding remarkably well with
blockade of AMPAR endocytosis.phosphorylated), 1 mM okadaic acid (89.5% 6 7.0% phos-
phorylated), or 10 mM tautomycin (92.9% 6 6.1% phos- To determine whether activity-dependent internaliza-
tion of AMPARs was also associated with dephosphory-phorylated) (Figures 7F and 7G). Low concentrations of
okadaic acid (10 nM) did not prevent NMDA-induced lation of GluR1 subunits, biotinylation assays of receptor
endocytosis were performed, and the phosphorylationdephosphorylation (21.7% 6 6.0% phosphorylated)
(Figures 7F and 7G). These results indicate that NMDA- state of internalized GluR1 subunits was quantified.
GluR1 subunits present in the internalized membraneinduced dephosphorylation of GluR1 at serine 845 is
directly or indirectly mediated by PP2B and PP1. In protein fraction from cultured cortical neurons showed
no detectable phosphorylation on serine 845 (Figure 7H,addition, these findings are in agreement with those
of Figures 7A and 7C, with prevention of serine 845 top panel, lane 3), although GluR1 subunits isolated from
Endocytic Sorting of AMPARs
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Figure 8. PKA Regulates NMDAR-Mediated
Endocytosis and Reinsertion of AMPARs
(A) PKA activation blocks AMPAR endocyto-
sis, whereas PKA inhibition reduces AMPAR
reinsertion following NMDAR activation. In-
ternalized (biotinylated) AMPARs remaining
at various times after adding control solution
(Ctrl) or 20 mM NMDA were assayed, as in
Figure 2C, in cortical neurons treated with
either 100 mM 8-Br-cAMP plus 100 mM IBMX
to activate PKA or the PKA inhibitor KT5720
(1 mM). Immunoblots are of streptavidin pre-
cipitates probed with anti-GluR1 antibody.
Similar results were obtained when blots were
stripped and reprobed with anti-GluR2/3 anti-
body (data not shown).
(B) Time course of AMPAR internalization and
recycling after NMDA application in the pres-
ence of 8-Br-cAMP/IBMX or KT5720. Plotted
data represent means 6 SEM (n 5 4) of re-
sults from (A). The dashed line represents
internalized AMPARs remaining following
NMDA treatment in the absence of PKA-mod-
ulating agents (data from Figure 2E).
(C) PKA has little effect on the internalization
of activated AMPARs. Experiment performed
as in (A), except 100 mM AMPA plus 50 mM
D-AP5 was used to stimulate AMPAR endo-
cytosis.
(D) Time course of AMPAR internalization and recycling after AMPA application in the presence of 8-Br-cAMP/IBMX or KT5720. Plotted data
represent means 6 SEM (n 5 4) of results from (C). The dashed line represents internalized AMPARs remaining following AMPA treatment in
the absence of PKA-modulating agents (data from Figure 2E).
the total membrane fraction were robustly phosphory- ment of intracellular Ca21, PP2B, and PP1 in NMDAR-
mediated AMPAR internalization and identify GluR1 sub-lated on serine 845 (Figure 7H, top panel, lane 4). The
same blot reprobed with anti-GluR1 phosphoserine 831 units as a potential final downstream target.
antibody showed substantial phosphorylation on serine
831 of both internalized and total GluR1 (Figure 7H, PKA Regulates AMPAR Endocytosis
and Reinsertionmiddle panel, lanes 3 and 4). Reprobing with an anti-
GluR1 antibody confirmed the presence of GluR1 sub- Because serine 845 is a PKA site (Roche et al., 1996;
Mammen et al., 1997b), I reasoned that AMPAR traffick-units in immunoprecipitates from both internalized and
total membrane protein fractions (Figure 7H, bottom ing events associated with serine 845 phosphorylation
or dephosphorylation (e.g., NMDA-induced endocytosispanel, lanes 3 and 4).
To test the effect of synaptic activity on GluR1 de- and recycling) should be selectively sensitive to inhibi-
tors or activators of PKA. To test this hypothesis, ago-phosphorylation, 100 mM picrotoxin was added to corti-
cal neuron cultures, beginning 1 hr prior to biotinylation nist-induced AMPAR internalization assays were per-
formed on cortical neurons treated with PKA activatorsand immunoprecipitation. Incubation with picrotoxin
caused a significant decrease in the overall level of (100 mM 8-Br-cAMP plus 100 mM IBMX) or PKA inhibitors
(1 mM KT5720). Activation of PKA with the cell-perme-GluR1 phosphorylation on serine 845 (Figure 7H, top
panel, compare lane 8 to lane 4; 51.9% 6 14.6% of able cAMP analog 8-Br-cAMP and the phosphodiester-
ase inhibitor IBMX markedly reduced NMDA-inducedcontrol, n 5 4, p , 0.01) and a small but significant
increase in GluR1 phosphorylation on serine 831 (Figure AMPAR internalization (23.5% 6 7.0% internalized after
10 min compared to 92.2% 6 4.2% for untreated con-7H, middle panel, compare lane 8 to lane 4; 125.2% 6
9.0% of control, n 5 4, p , 0.05). In these cultures, no trols, p ,, 0.001, t test) (Figures 8A and 8B). Conversely,
addition of the PKA inhibitor KT5720 slightly accelerateddetectable phosphorylation of serine 845 was observed
on internalized GluR1 (Figure 7H, top panel, lane 7), NMDA-induced AMPAR endocytosis but then dramati-
cally reduced receptor reinsertion (Figures 8A and 8B).despite the fact that a larger fraction of GluR1 subunits
was internalized in these cells (Figure 7H, bottom panel, Specifically, in the presence of PKA inhibitor, AMPAR
reinsertion following NMDA application was very slowlanes 7 and 8). In contrast, serine 831 remained highly
phosphorylated on GluR1 subunits from both internal- (t 5 124 min) and incomplete after 75 min, with 27.8% 6
4.8% of the original cell surface AMPARs being retainedized and total membrane protein fractions (Figure 7H,
middle panel, lanes 7 and 8). These findings, together intracellularly (Figures 8A and 8B; compare values to
t 5 9.4 min and 5.0% 6 2.2% retained without PKAwith those above, establish a role for protein dephos-
phorylation in NMDAR-mediated AMPAR internalization inhibitor).
In contrast to the marked effect of PKA modulatingand show that different mechanisms are responsible
for NMDAR-mediated versus ligand-mediated AMPAR agents on AMPAR endocytosis and recycling following
NMDAR activation, these same agents had limited effectendocytosis. Furthermore, these results indicate involve-
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early endosomal compartments and selectively targeted
for either plasma membrane reinsertion or lysosomal
degradation, depending on the relative activation of
NMDARs and AMPARs. NMDAR activity results in Ca21
influx and activation of a protein phosphatase cascade
that triggers AMPAR dephosphorylation, endocytosis,
and trafficking to a PKA-sensitive recycling pathway. In
contrast, AMPAR activation in the absence of NMDAR
activity causes a Ca21-, phosphatase-, and PKA-inde-
pendent internalization of AMPARs, which are then tar-
geted to late endosomes and degraded by lysosomes
(Figure 9).
Activity-dependent endocytic sorting of AMPARs
could provide a cellular mechanism for regulating the
number of AMPARs both rapidly and chronically at excit-
atory synapses. Indeed, synaptic activity regulates the
membrane localization of AMPARs over timescales
ranging from minutes to days (Lissin et al., 1998; O’Brien
et al., 1998; Turrigiano et al., 1998; Carroll et al., 1999b;
Shi et al., 1999; Hayashi et al., 2000; Watt et al., 2000).
Control over rapid versus slow activity-dependent
changes in AMPAR synaptic localization may reside in
the selective sorting of AMPARs between recycling and
degradative pathways. By altering the degree of AMPAR
Figure 9. Proposed Model for AMPAR Endocytic Sorting reinsertion and the relative rates of AMPAR exocytosis
In this simplified model, activation of either AMPARs or NMDARs by or endocytosis, synaptic strength can be adjusted rap-
glutamate leads to endocytosis of AMPARs into early endosomes. idly. By targeting internalized AMPARs for lysosomal
AMPAR internalization triggered by NMDAR activation requires Ca21 degradation, synaptic strength can be modified more
influx and protein phosphatases (that may act by directly dephosphory-
slowly and chronically.lating AMPAR subunits) and is followed by rapid, PKA-dependent
Importantly, AMPAR trafficking in response to directAMPAR reinsertion via recycling endosomes. In contrast, AMPARs
stimulation of AMPARs or NMDARs may differ from thatactivated in the absence of NMDAR activity are targeted to late
endosomes and degraded by the lysosome, independent of Ca21 following more physiological changes in synaptic activ-
or protein phosphatases. ity. Here I have shown how activation of two postsynap-
tic receptors, NMDARs and AMPARs, regulates AMPAR
trafficking. These two receptor pathways are likely not
on the time course of AMPAR endocytosis and recycling alone in regulating AMPAR sorting in response to synap-
following AMPAR activation. Neither 8-Br-cAMP/IBMX tic activity. For example, activation of tyrosine kinase
nor KT5720 affected AMPA-induced AMPAR internaliza- receptors by insulin stimulates AMPAR endocytosis
tion (Figures 8C and 8D). Likewise, activation of PKA (Man et al., 2000; Wang and Linden, 2000). In addition,
with 8-Br-cAMP/IBMX had no significant effect on AMPARs and NMDARs will often be simultaneously ac-
AMPAR reinsertion (Figure 8D). Inhibition of PKA with tive at excitatory synapses, emphasizing that activity-
KT5720 did, however, decrease reinsertion (72.3% 6 dependent trafficking of AMPARs may reflect the inte-
13.1% internalized AMPARs retained after 75 min) rela- gration of many separate signals. It will be important
tive to untreated controls (50.9% 6 6.1% retained, p , for future studies to delineate the endocytic pathways
0.005, t test) (Figure 8D), although the effect was less traversed by AMPARs in response to more complex
pronounced than that observed after NMDA treatment physiological stimuli now that the molecular and cellular
(Figure 8B). These data indicate that PKA regulates underpinnings for two basic pathways have been iden-
the internalization and reinsertion of AMPARs follow- tified.
ing NMDAR activation and are consistent with results
presented above, suggesting a role for phosphoryla- AMPAR Sorting and Synapse Development
tion/dephosphorylation of a GluR1 PKA site in AMPAR A key feature of synaptogenesis and synapse matura-
trafficking. Finally, these results provide further evi- tion is the incorporation and stabilization of postsynap-
dence indicating that distinct molecular mechanisms tic AMPARs. Here I have shown that activation of
and signaling pathways account for the endocytic sort- NMDARs switches AMPARs from a degradative path-
ing of AMPARs triggered by activation of AMPARs and way to a recycling pathway. This switch in AMPAR sort-
NMDARs, respectively. ing could provide a mechanism for maintaining AMPARs
at synapses that have an adequate amount of NMDAR
activity and for removing AMPARs from synapsesDiscussion
with insufficient NMDAR activity. Indeed, postsynaptic
NMDARs precede AMPARs at many excitatory syn-In the present study, I have demonstrated that AMPARs
are continuously endocytosed from the postsynaptic apses during development (Gomperts et al., 1998; Liao
et al., 1999; Petralia et al., 1999; but see Friedman etmembrane at a rate determined by the level of synaptic
activity. Following endocytosis, AMPARs are sorted in al., 2000), and the proportion of these NMDAR-only syn-
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mM D-AP5 along with 100 mg/ml of the lysosomal protease inhibitorapses increases when NMDARs are blocked (Liao et al.,
leupeptin, beginning 1 hr prior to biotinylation with 1.5 mg/ml sulfo-1999), perhaps due to selective shunting of AMPARs
NHS-SS-biotin (Mammen et al., 1997a). Drugs were present through-to lysosomal degradation. Conversely, activation of
out all steps and incubations except the 48C biotinylation reaction.
NMDARs may trigger accumulation and stabilization of Neurons were then incubated at either 48C to block membrane traf-
AMPARs (Liao et al., 1999; Shi et al., 1999) by promoting ficking or 378C for various times to allow endocytosis to occur. The
AMPAR reinsertion. Thus, by controlling the degree of remaining surface biotin was then cleaved by reducing its disulfide
linkage with glutathione cleavage buffer (50 mM glutathione in 75AMPAR recycling and degradation, NMDAR activation
mM NaCl and 10 mM EDTA containing 1% BSA and 0.075 N NaOH)may ensure the maintenance or elimination of AMPARs
(two times for 15 min each at 48C).at appropriate synapses.
Cell membranes were prepared, and biotinylated proteins were
precipitated essentially as described (Mammen et al., 1997a). Biotin-
Synaptic Transmission, Plasticity, ylated receptors were detected by immunoblot (ECL Plus, Amer-
and AMPAR Sorting sham), and quantitation was performed on a phosphorimager (Storm
860, Molecular Dynamics), using ImageQuant 5.0 software. The per-Changes in AMPAR phosphorylation state and synaptic
cent receptor internalized was determined by measuring the bandlocalization are two principal mechanisms proposed to
intensity after 378C incubation, subtracting the nonspecific bandaccount for long-term changes in synaptic strength (Ma-
intensity obtained after 48C incubation (always ,5%), and compar-lenka and Nicoll, 1999; Soderling and Derkach, 2000).
ing to the total surface receptor calibration curve. Endocytosis time
During LTD of hippocampal neuron synapses, GluR1 constants (t) were determined by fitting data to a single exponential
subunits are dephosphorylated on serine 845 (Lee et function of the form y 5 yo 1 A(1 2 e2t/t), where yo and A are
al., 1998, 2000), and AMPARs redistribute away from constants.
synaptic sites (Carroll et al., 1999b), perhaps due to
clathrin-dependent endocytosis (Man et al., 2000; Wang Determination of Receptor Surface Expression
and Linden, 2000). Results presented here provide a Membranes were prepared from cortical neuron cultures immedi-
ately after the biotinylation reaction as described above. Surfacepossible link between GluR1 dephosphorylation, AMPAR
receptor expression was then determined from the surface biotinyl-membrane trafficking, and LTD. In particular, my find-
ated/total receptor ratio as described (Mammen et al., 1997a).ings suggest a signaling pathway whereby activation of
NMDARs triggers a protein phosphatase cascade involv-
Receptor Recycling Experimentsing PP2B and PP1 that leads to selective dephosphory-
AMPAR recycling was measured biochemically by the loss of inter-lation of GluR1 subunits at serine 845. Dephosphorylation
nalized AMPAR specifically labeled with cleavable (disulfide-linked)of GluR1, possibly in conjunction with dephosphoryla-
biotin. Cortical neuron cultures were treated with pharmacologic
tion of components of the endocytic machinery or other agents and surface biotinylated as above, and cells were transferred
AMPAR subunits, then results in AMPAR endocytosis, to 378C for 30 min to allow endocytosis to occur. Cells were then
perhaps by promoting interaction with clathrin adaptors cooled to 48C to stop membrane trafficking and remaining surface
biotin quantitatively cleaved with glutathione. Cultures were then(Man et al., 2000) or destabilizing interactions with pro-
returned to serum-free growth media containing 50 mM glutathioneteins such as NSF or GRIP (Luscher et al., 1999; Luthi
at 378C (or 48C) for various times to allow internalized receptors toet al., 1999; Noel et al., 1999; Osten et al., 2000). Potentia-
recycle before the cells were cooled to 48C and incubated withtion of synapses may, in some cases, simply be the
glutathione cleavage buffer (two times for 15 min each at 48C) to
reverse of this process. Indeed, results here, showing ensure complete cleavage of any newly appearing surface biotin.
that membrane insertion of AMPARs occurs simultane- Residual biotinylated (internalized) receptors were then isolated
ously with phosphorylation at serine 845 and is reduced from cell membranes by streptavidin precipitation, and AMPAR sub-
units were detected by immunoblot analysis with anti-GluR1 (aR1)by PKA inhibitors, are consistent with a recent study that
and anti-GluR2/3 (aR2/3) antibodies and quantified on a phos-found selective phosphorylation of serine 845 following
phorimager. The rate of disappearance of biotinylated AMPARs pro-potentiation of previously depressed synapses (Lee et
vides a measure of receptor recycling rate. The time constants (t)
al., 2000). Coordination of AMPAR phosphorylation and for AMPAR recycling were determined by fitting the data to a single
dephosphorylation may thus regulate synaptic strength exponential decay function of the form y 5 yo 1 Ae2t/t, where yo
by regulating AMPAR trafficking. and A are constants.
Experimental Procedures
Agonist-Induced Receptor Internalization Assay
Cortical neuron cultures were treated with 2 mM TTX and 100 mg/Antibodies
ml leupeptin beginning 1 hr before cell surface biotinylation withAntibodies used in these experiments include the previously de-
sulfo-NHS-SS-biotin, as above. TTX and leupeptin were presentscribed rabbit anti-GluR1-C, anti-GluR1-N, anti-GluR2/3, guinea pig
in all steps and incubations except the 48C biotinylation reaction.anti-GluR1-C (Mammen et al., 1997a; O’Brien et al., 1998), rabbit
Biotinylated neurons were stimulated for 1–2 min with either controlanti-NR1-N (Liao et al., 1999), and GluR1 phosphoserine 831 and
solution, 100 mM AMPA plus 50 mM D-AP5, or 20 mM NMDA. After845 polyclonal antibodies (Mammen et al., 1997b; Lee et al., 1998).
agonist application, cells were washed and either immediatelyCommercial monoclonal antibodies were used against transferrin
scraped into lysis buffer or returned to growth media for variousreceptor (Zymed Laboratories), synaptophysin (Boehringer-Mann-
times at 378C to allow endocytosis and recycling before cooling theheim), and Lamp1 (StressGen) as well as PSD-95, EEA1, Rab5, and
cultures to 48C and incubating with glutathione cleavage buffer. TheRab4 (Transduction Laboratories).
cells were then immediately scraped and lysed in cold lysis buffer
and remaining biotinylated (internalized) receptors isolated by strep-Primary Neuron Cultures
tavidin precipitation from solubilized cell membranes and detectedCortical and hippocampal neuron cultures were prepared and main-
by immunoblotting. For control experiments assessing receptortained for 15–21 days in vitro as described (Liao et al., 1999).
degradation, cells were biotinylated, stimulated with agonist for 1–2
min, incubated at 378C for 8 min, and surface biotin cleaved withBiotinylation Assay of Receptor Endocytosis
glutathione, after which cells were returned to 378C for various timeswith Cleavable Biotin Reagent
in the continuous presence of 100 mg/ml leupeptin, prior to streptavi-High-density cortical neuron cultures were incubated with control
solution, 2 mM TTX, 100 mM picrotoxin, or 100 mM picrotoxin plus 50 din precipitation and immunoblot analysis.
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Immunocytochemistry Phosphorylation was quantified on a phosphorimager by taking the
ratio of band intensities obtained using phosphorylation site-spe-For localization of AMPAR reinsertion, hippocampal neurons were
incubated with TTX (2 mM) and leupeptin (100 mg/ml) for 1 hr prior cific antibodies to that obtained with the anti-GluR1 C-terminal an-
tibody.to a 2 min application of control solution, 100 mM AMPA plus 50
mM D-AP5, or 20 mM NMDA. TTX and leupeptin were present in all
steps until fixation. Following agonist application, cells were incu-
Effect of Ca21 and Protein Phosphorylation
bated for an additional 8 or 28 min at 378C in growth media to allow
on AMPAR Endocytosis
receptor endocytosis and plasma membrane recycling. Cells were
Agonist-induced receptor internalization assays were performed on
incubated for 1 hr with GluR1-N antibody at 48C to label surface
cortical neurons as above. For 0 Ca21 experiments, cells were incu-
AMPARs, fixed successively with 4% paraformaldehyde/4% su-
bated in Ca21-free PBS with 50 mM BAPTA-AM for 5 min prior to
crose in PBS (48C, 20 min) followed by 2208C 100% methanol (incu-
agonist application, during and after which cells were incubated in
bated at 48C, 10 min), and permeabilized with 0.2% Triton (48C, 10
growth media containing 2 mM EGTA and 50 mM BAPTA-AM. For
min). Double-labeling was performed with either Cy3-conjugated
phosphatase inhibition experiments, neurons were pretreated for 1
GluR1-C antibody or antibodies against PSD-95 or synaptophysin
hr with inhibitors (1 mM FK506, 10 nM or 1 mM okadaic acid, 10 mM
and fluorophore-conjugated secondary antibodies as described
tautomycin). For PKA activation and inhibition experiments, cells
(O’Brien et al., 1998; Liao et al., 1999).
were pretreated for 10 min with either 100 mM 8-Br-cAMP plus 100
For colocalization of internalized AMPARs with endosomal pro-
mM IBMX or 1 mM KT5720. All drugs were present throughout the
teins, TTX/leupeptin-treated hippocampal neurons were incubated
agonist application and subsequent incubation steps.
live with GluR1-N antibody (1 hr, 48C) to prelabel surface AMPARs.
For localization to late endosomes/lysosomes and for 30 min time
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